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Abstract 10 
The “Quantitative Assessment of Radiation Belt Modeling” focus group was in place 11 
at GEM (Geospace Environment Modeling) from 2014 to 2018. The overarching goals of 12 
this focus group were to bring together the current state-of-the-art models for the 13 
acceleration, transport, and loss processes in Earth’s radiation belts, develop 14 
event-specific and global inputs of wave, plasma, and magnetic field to drive these 15 
models, and combine all these components to achieve a quantitative assessment of 16 
radiation belt modeling by validating against contemporary radiation belt measurements. 17 
This article briefly reviews the current understanding of radiation belt dynamics and 18 
related modeling efforts, summarizes the activities and accomplishments of the focus 19 
group, and discusses future directions.    20 
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Understanding the dynamics of energetic particles in Earth’s radiation belts (RB) is 21 
of great interest both scientifically and practically. These energetic particles present a 22 
hazardous radiation environment for spacecraft operating within and could lead to various 23 
satellite anomalies ranging from temporary satellite outages due to electrostatic discharge 24 
events in electronic systems to potentially catastrophic damage of important satellite 25 
instruments [e.g., Baker, 2001]. Over the past few decades, various physical processes 26 
have been identified as potential mechanisms for the acceleration, transport, and loss of 27 
radiation belt particles. These processes, which have been mainly studied separately in 28 
the past, are now mature enough to be combined and assessed as a whole in accounting 29 
for the observed radiation belt dynamics. Furthermore, this assessment can now be 30 
performed quantitatively, owing to the unprecedented high-quality wave and particle 31 
measurements in radiation belts from multiple spacecraft, and the greatly enhanced 32 
fidelity in radiation belt modeling. Motivated by these, a Focus Group (FG) on 33 
“Quantitative Assessment of Radiation Belt Modeling” (QARBM) was organized at 34 
GEM (Geospace Environment Modeling) during 2014-2018. The GEM program, 35 
sponsored by National Science Foundation (NSF) Division of Atmospheric and Geospace 36 
Sciences, is a broad-based, community-initiated research program on the physics of the 37 
Earth's magnetosphere and the coupling of the magnetosphere to the atmosphere and to 38 
the solar wind. GEM’s strategy is to undertake a series of campaigns and focus groups, 39 
with each focusing on particular aspects of the geospace environment 40 
(http://aten.igpp.ucla.edu/gemwiki). Over the five years, the FG brought together the 41 
state-of-the-art models for the acceleration, transport, and loss processes in radiation belts, 42 
coordinated the efforts to develop event-specific and global model inputs of wave, plasma, 43 
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and magnetic field conditions, and combined these efforts to simulate four distinct ‘RB 44 
dropout’ and ‘RB buildup’ challenge events with the goal of quantitatively assessing the 45 
relative importance of various acceleration, transport, and loss processes by validating 46 
against contemporary radiation belt measurements.  47 
During the tenure of the focus group the NASA Van Allen Probes mission provided a 48 
cornucopia of new and highly detailed observations, which both advanced and 49 
confounded our current understanding and modeling of radiation belt dynamics. This 50 
commentary does not attempt a thorough review of these developments, but focuses on 51 
summarizing the scientific outcome and developments of the FG activities over the past 5 52 
years. Due to the length limit, the references included in this article are representative 53 
(particularly the studies as outcomes of the FG activities) but not comprehensive. 54 
Extended lists of references can be found in the collection of AGU Publications to 55 
celebrate the 60
th
 anniversary of the discovery of Earth’s radiation belts 56 
(https://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9402.RADBELTS57 
), the Van Allen Probes Science Gateway 58 
(http://rbspgway.jhuapl.edu/biblio?s=year&o=desc&f[keyword]=10), and many other 59 
review papers. In this vein we also largely restrict the discussion to the outer electron 60 
radiation belts. In the remainder of this article we briefly review the current 61 
understanding of RB dynamics and their modeling efforts, summarize the activities and 62 
accomplishments from our FG, and provide some discussion of open questions and future 63 
directions. 64 
Radiation Belt Enhancements  65 
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Relativistic electron flux enhancement in the Earth’s outer radiation belt is typically 66 
initiated by electron injection from the plasmasheet during substorms or enhanced 67 
convection, which provides the seed electron population (10s to 100s keV). Recent 68 
studies have reported that parallel electric fields in time domain structures, and nonlinear 69 
trapping of electrons by very oblique whistler mode waves, also play a role in providing 70 
seed electrons by accelerating electrons up to ~100s of keV [e.g., Agapitov et al., 2015; 71 
Mozer et al., 2016]. Those seed electrons can be further accelerated to highly relativistic 72 
energies through local acceleration due to whistler mode waves (e.g., chorus waves with 73 
frequencies spanning from lower hybrid resonance frequency to electron cyclotron 74 
frequency and magnetosonic waves which typically have frequencies below the lower 75 
hybrid resonance frequency but above the proton cyclotron frequency) and/or inward 76 
radial diffusion by interacting with Ultra Low Frequency (ULF) waves. The quantitative 77 
role of local acceleration and inward radial diffusion has been evaluated at various 78 
locations by comparing the modeling results based on the quasilinear theory to the 79 
observations in a number of studies. Some simulation results [e.g., Li, Z. et al., 2014; 80 
Wang et al., 2017; Ma et al., 2018] found that although inward radial diffusion is 81 
important for accelerating electrons up to hundreds of keV by transporting them from 82 
higher to lower L-shells, inward radial diffusion alone underestimated electron 83 
acceleration particularly at > a few MeV and had difficulty producing growing peaks in 84 
electron phase space density (PSD). Local acceleration driven by chorus waves is found 85 
to be efficient in creating the observed growing peaks in electron PSD in some events 86 
[e.g., Li, W. et al., 2014; Tu et al., 2014], while radial diffusion and other mechanisms are 87 
needed to explain the discrepancy between the observation and the simulation [e.g., Ma et 88 
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al., 2018]. Moreover, nonlinear interactions with chorus waves are suggested to provide 89 
prompt MeV electron acceleration in the outer radiation belt [e.g., Foster et al., 2017]. 90 
However, the quantitative roles of quasilinear and nonlinear interaction are unclear and 91 
still remain as outstanding open questions.  92 
Radiation Belt Dropouts 93 
Relativistic electron fluxes in the Earth’s radiation belt are observed to drop by 94 
orders of magnitude on timescales of a few hours or less [e.g., Morley et al., 2010a,b; 95 
Turner et al, 2012a]. Understanding where the electrons go during the fast dropouts is 96 
critical for radiation belt modeling and prediction. RB electrons can be lost by transport 97 
across the magnetopause, called magnetopause shadowing, or by precipitation into the 98 
atmosphere. Magnetopause shadowing occurs either due to solar wind compression of the 99 
magnetopause or outward radial transport of electrons [e.g., Shprits et al., 2006; Turner et 100 
al., 2012b]. Precipitation of RB electrons occurs due to electron pitch angle scattering by 101 
interactions with various types of magnetospheric waves, including electromagnetic ion 102 
cyclotron (EMIC) waves, whistler-mode chorus, and plasmaspheric hiss [Thorne, 2010, 103 
and references therein]. These traditional loss mechanisms have been included in 104 
radiation belt models to simulate the fast electron dropouts. Some successes have been 105 
achieved, but in many cases the dropouts that are observed to cover a wide range of L 106 
shells, electron energies and pitch angles still cannot be fully explained [Albert, 2014, 107 
and references therein]. New mechanisms such as nonlinear wave particle interactions, 108 
drift orbit bifurcation, and field line curvature scattering have been proposed to explain 109 
RB dropouts [e.g., Albert and Bortnik 2009; Ukhorskiy et al. 2011; Shekhar et al., 2017], 110 
but their relative contributions have not been quantitatively assessed. 111 
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Radiation Belt Modeling 112 
There are four main types of RB models: 1. Fokker-Planck diffusion models, which 113 
are based on the Fokker-Planck diffusion equation operating in the adiabatic invariant 114 
space [e.g., Albert et al., 2009; Subbotin et al., 2011; Tu et al., 2013]; 2. 115 
Convection-diffusion models which, besides diffusion, also include the drift phase of RB 116 
electrons [e.g., Fok et al., 2008; Jordanova et al., 2016]; 3. Test particle codes which trace 117 
a large number of test particles in given global electric and magnetic fields or some 118 
analytical wave models [e.g., Kress et al., 2007; Matsui et al., 2017]; 4. Particle-in-cell 119 
(PIC) codes and hybrid codes, which include the feedback from plasma to fields [e.g., 120 
Camporeale, 2015]. Models of Types 1-3 can provide global evolution of RB electrons 121 
with Type 1&2 being more efficient, though relying on the assumptions of diffusion and 122 
quasilinear theory, and Type 3 being more computationally expensive. Type 4 is even 123 
more computationally expensive and mostly useful for small-scale problems. In addition, 124 
data assimilation models and machine learning techniques have also become popular for 125 
the nowcasting and forecasting of RB dynamics [e.g., Koller et al., 2007; Ling et al., 126 
2010; Shprits et al., 2013].  127 
Significant progress has been made recently in modeling RB dynamics, which has 128 
greatly advanced our understanding of the roles of various processes. However, 129 
challenges remain in reproducing the complex storm responses of RB electrons as well as 130 
non-storm time dynamics [e.g., Morley et al, 2010ab; Schiller et al., 2014; Su et al., 2016; 131 
Ma et al., 2018]. Are the discrepancies between data and models due to unrealistic model 132 
inputs or missing physics? How can modelers incorporate the effects from new physics 133 
into global RB models? In addition, since the goal of GEM is to construct a global 134 
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Geospace General Circulation Model (GGCM) with predictive capability, how can 135 
modelers couple the RB models into the global geospace models to properly account for 136 
the coupling of radiation belts with other systems such as plasmasphere, ring current, and 137 
ionosphere? These are remaining questions for future studies. 138 
“RB dropout” and “RB buildup” Challenges  139 
To concentrate community efforts and maximize scientific returns, the QARBM 140 
focus group organized a set of “challenge” events. Reflecting the growing awareness of 141 
non-storm time radiation belt dynamics, the focus group selected challenge events in four 142 
distinct categories: 1) storm-time, dropout-dominated; 2) storm-time, 143 
enhancement-dominated; 3) non-storm, dropout-dominated; and 4) non-storm, 144 
enhancement dominated. A list of candidate events was developed, ensuring that the 145 
candidate events had good data coverage for both detailed observational analysis and 146 
quantitative assessment of modeling efforts. Community input then led to the selection of 147 
four interesting intervals in 2013 around which research efforts could focus. The selected 148 
events were: 149 
#1. “St. Patrick’s Day” Stormtime Enhancement: 2013-03-17 through 2013-03-19 [e.g., 150 
Boyd et al., 2014; Li, W. et al., 2014; Xiao et al., 2014; Li, Z. et al., 2015; Hudson et al., 151 
2015; Shprits et al., 2015; Ukhorskiy et al., 2015; Wang et al., 2017; Ma et al., 2018; 152 
Olifer et al., 2018] 153 
#2. “Children’s Day” Stormtime Dropout: 2013-05-31 through 2013-06-03 [e.g., Clilverd 154 
et al., 2015; Kang et al., 2018] 155 
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#3. “International Talk Like a Pirate Day” Non-storm Enhancement: 2013-09-19 through 156 
2013-09-21 [e.g., Pakhotin et al., 2014; Ma et al., 2018] 157 
#4. “National Punctuation Day” Non-storm Dropout: 2013-09-23 through 2013-09-26 158 
[e.g., Pakhotin et al., 2014; Su et al., 2016; Capannolo et al., 2018] 159 
A key part of the challenge activity was the collection – in publicly accessible cloud 160 
storage – of supporting data, especially of the type used for setting model boundary 161 
conditions or incorporating physical processes. As the community continues to move 162 
towards open data practices this type of activity will become less necessary, but it proved 163 
to be a great community resource for modelers engaging in the focus group. NASA’s 164 
Community Coordinated Modeling Center also provided simulations of these events 165 
(https://ccmc.gsfc.nasa.gov/community/GEM/rad_belt.php), using coupled physics 166 
models, for community study. Contributions to this effort included data products tailored 167 
to these events. Links to the community resources curated by the focus group, including 168 
readme files and overview presentations for the challenge events, can be found from the 169 
QARBM focus group page on the GEM wiki. 170 
Contributions that provide new ways to specify wave occurrence and parameters 171 
include: data-driven dynamic chorus wave intensity models based on precipitating 172 
electrons observed by multiple Low-Earth-Orbiting satellites [Li, W. et al., 2014; Ma et 173 
al., 2018]; multi-point measurements of EMIC waves using all available satellites and 174 
ground magnetometers [Engebretson et al., 2018]; an event-specific model for radial 175 
diffusion coefficient, DLL, using multiple ground magnetometers or in-situ wave 176 
measurements from space [Ozeke et al., 2014; Ali et al. 2016]; and a coupled LFM 177 
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(Lyon-Fedder-Mobarry)-RCM (Rice Convection Model) model which can provide global 178 
ULF wave distributions. 179 
Research efforts also focused on developing better specifications of the environment 180 
that are required for common modeling approaches. These included: machine learning 181 
techniques to construct the global distributions of plasma density [Chu et al., 2017; 182 
Zhelavskaya et al., 2017]; plasmapause location on a global scale using particle tracing 183 
simulations [Goldstein et al., 2014]; seed electron populations from the IMPTAM model 184 
[Ganushkina et al., 2015]; and an empirical model of particle fluxes at geosynchronous 185 
orbit based on LANL/GEO data [Denton et al., 2016]. The specification of both the 186 
configuration of the magnetic field and its outer boundary also saw a new-found level of 187 
attention within the radiation belt community. Efforts here included: self-consistent 188 
magnetic field modeling (3D equilibrium magnetic field model) [Yue et al., 2015]; fitting 189 
of parameterized semi-empirical magnetic field models to in situ data [Brito and Morley, 190 
2017]; and study of the last closed drift shell [Albert et al., 2018]. 191 
Quantitative Assessment 192 
A key aim of the QARBM focus group was to encourage new efforts towards 193 
quantitative assessment of modeling. The importance of, and techniques for, data-model 194 
comparison saw significant growth in both awareness and activity through the last 5 years. 195 
Growth in the assessment techniques, quantitative evaluation of the relative importance 196 
of different physical processes, and the specific conditions under which each process 197 
plays a dominant role, led to numerous presentations at the GEM workshops with several 198 
papers already published [e.g., Li, Z. et al., 2015; Su et al., 2016; Schiller et al., 2017; 199 
Xiang et al., 2017; Kang et al., 2018; Ma et al., 2018; Morley et al., 2018]. 200 
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Joint sessions with the “Modeling Methods and Validation” focus group brought a 201 
large number of people together to discuss global modeling of RB dynamics and relevant 202 
metrics and validation methods. These discussions emphasized the need for metrics and 203 
validation methods that can be used to quantitatively assess the global modeling of 204 
radiation belt dynamics. Many of the existing metrics and validation methods are 205 
appropriate for these activities, but community movement towards a consensus set of 206 
approaches is desirable to facilitate comparisons between studies. 207 
Open Questions and Future Directions 208 
Among the unexpected radiation belt electron dynamics seen by Van Allen Probes, 209 
some seem explicable in terms of the traditional processes of radial diffusion and 210 
wave-particle interactions, e.g., the long-lived “storage ring” [Baker et al., 2013]. 211 
However, some observations present not just a puzzle but a mystery; it is inevitable that 212 
modeling will lag behind such discoveries. The apparent “barrier” to MeV electrons at L 213 
< 2.8 [Baker et al., 2014] is probably primary among these. Injections of up to 1 MeV 214 
electrons at L = 2-3 (sudden particle enhancements at low L shells, or SPELLS) also 215 
demand explanation and integration into the overall picture. Widespread coherent 216 
wave-like electrostatic features, in various forms (e.g., nonlinear structures, time-domain 217 
structures), were also unanticipated and remain largely unaccounted for in large-scale 218 
modeling. Highly oblique whistler mode waves have also been observed and their 219 
implications remain uncertain. Moreover, broadband low-frequency electromagnetic 220 
waves are found to potentially drive efficient radial transport of trapped electrons 221 
[Chaston et al., 2017]. 222 
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In the pre-CRRES era, radial diffusion was considered sufficient to account for both 223 
transport and energization in the radiation belts, with wave-particle interactions 224 
responsible for loss. Following CRRES and a two-decade period of modeling, analysis, 225 
and debate, the contribution of wave-particle interactions to energization became an 226 
increasingly well-established alternative; indeed, this issue was a primary motivation for 227 
the Van Allen Probes mission. At this point we judge that this mechanism is widely 228 
accepted, albeit not universally embraced [Mann and Ozeke, 2016]. Conversely, the 229 
likely role of radial transport in not just acceleration but also loss to the magnetopause, 230 
especially during dropouts, has come to the fore. Major advances have been made in the 231 
evaluation of quasi-linear-based diffusion coefficients for both radial transport and 232 
wave-particle interactions, but more remains to be done. The minimum energy of 233 
electrons which can be effectively scattered into the upper atmosphere by EMIC waves is 234 
still unclear, and under active investigation. Future studies particularly combining 235 
theory/modeling and high-resolution measurements from the current and upcoming 236 
Low-Earth-Orbiting satellite missions (e.g., Electron Losses and Fields Investigation 237 
(ELFIN), Compact Radiation Belt Explorer (CeREs), Relativistic Electron Atmospheric 238 
Loss (REAL), Inner Radiation Belt Experiment (CIRBE), GTOSat, etc.), will provide 239 
important insights into understanding this science question. We also note the ongoing 240 
investigation of spatial and temporal coherence scales of magnetospheric waves (e.g., 241 
chorus, EMIC waves), and the critique of the large variance not captured by existing 242 
parameterized statistical wave models.  243 
Machine learning-based approaches might improve such statistical wave modeling, 244 
and data assimilation might well improve time-dependent simulations beyond what has 245 
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been done so far. Beyond that, analyses of nonlinear wave-particle interactions more 246 
generally, as well as bounce-resonant and non-resonant interactions, have advanced 247 
conceptually but remain to be fruitfully exploited. Non-diffusive treatment of “nonlocal” 248 
interactions with magnetic and electric field fluctuations, leading to breaking of drift and 249 
bounce adiabatic invariants with corresponding radial transport and pitch angle scattering, 250 
has also been demonstrated in simulations but remains in its infancy. It is to be hoped that 251 
such processes can be studied not just in the context of large scale, computationally 252 
expensive simulations (e.g., MHD combined with extensive test particle tracing), but also 253 
eventually captured by more modest and tractable modeling. 254 
In addition to the breakthroughs in modeling we see a need for continued growth in 255 
open data, including simulation results, and in data-model and model-model comparisons. 256 
These activities will enable researchers to more efficiently understand the extent to which 257 
RB dynamics can be explained by different modeling approaches, highlight gaps in 258 
understanding and modeling capability, and improve our predictive capabilities. 259 
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